Thin-film ferroelectric capacitors consisting of PbZr 0.53 Ti 0.47 O 3 sandwiched between La 0.5 Sr 0.5 CoO 3 electrodes have been deposited using pulsed laser deposition. The combination of oxidic perovskite-type materials results in capacitors with a coercive field (E c ) which is comparable with values for bulk ceramics. Textured thin-film capacitors with a columnar microstructure show lower switching voltages than epitaxial films. No thickness dependence of E c and a good endurance up to 10 11 cycles have been observed for epitaxial as well as textured capacitors with oxidic electrodes. In contrast, capacitors with a metallic top electrode show an increase of E c with decreasing thickness of the ferroelectric layer. We show that charge injection can explain the experimentally observed increase of E c with decreasing ferroelectric layer thickness. An overview is given of the growth conditions needed for PbZr 0.53 Ti 0.47 O 3 films, because the precise stoichiometry is of the utmost importance for the capacitor quality.
Thickness dependence of the switching voltage in all-oxide ferroelectric thin-film capacitors prepared by pulsed laser deposition CoO 3 electrodes have been deposited using pulsed laser deposition. The combination of oxidic perovskite-type materials results in capacitors with a coercive field (E c ) which is comparable with values for bulk ceramics. Textured thin-film capacitors with a columnar microstructure show lower switching voltages than epitaxial films. No thickness dependence of E c and a good endurance up to 10 11 cycles have been observed for epitaxial as well as textured capacitors with oxidic electrodes. In contrast, capacitors with a metallic top electrode show an increase of E c with decreasing thickness of the ferroelectric layer. We show that charge injection can explain the experimentally observed increase of E c with decreasing ferroelectric layer thickness. An overview is given of the growth conditions needed for PbZr 0.53 Ti 0.47 O 3 films, because the precise stoichiometry is of the utmost importance for the capacitor quality. © 1997 American Institute of Physics. ͓S0021-8979͑97͒06405-0͔
I. INTRODUCTION
PbTiO 3 and its lanthanum and/or zirconium substituted derivatives, forming the ͓Pb,La͔͑Zr,Ti͒O 3 system, are the most intensively studied ferroelectric materials. Thin films of these materials are interesting for electronic device applications such as nonvolatile memories, infrared and pressure sensors, and integrated optical switches and modulators. 1 In thick ceramic capacitors, the influence of grain size and grain boundaries has been studied in detail. 2 In thin-film capacitors, particularly the influence of the electrode-ferroelectric interface is more pronounced. This is demonstrated by an increased switching voltage ͑V sw ͒ of ferroelectric thin films compared with extrapolated values of coarse grained ceramics. The integrated application of ferroelectric materials requires films with a submicron thickness to comply with IC voltages of a few volts. 3 This calls for a detailed comprehension of ferroelectric thin films and electrodes. Furthermore, ferroelectric capacitors for memory applications should withstand more than 10 11 switching cycles. The beneficial combination of oxidic electrodes and oxidic ferroelectrics was first shown by Pulvari 9 Important questions remain as to the nature of the electrode-ferroelectric interface. For example, it is unclear if the near-electrode material is ferroelectric and if charge injection is of importance.
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In this article, the influence of the electrode material is studied by analyzing the switching voltage as a function of the PbZr x Ti 1Ϫx O 3 thickness. Results are compared for PbZr x Ti 1Ϫx O 3 films on oxidic bottom electrodes, with either oxidic or metallic top electrodes. A one-dimensional model is proposed to explain the observed thickness dependence of the switching potential. Second, the influence of the PbZr x Ti 1Ϫx O 3 microstructure on the switching characteristic of all-oxide capacitors is investigated by comparing singlecrystalline capacitors deposited on ͑100͒MgO with textured layers grown on ͑100͒Si. Additionally, the endurance of our capacitors is studied.
II. EXPERIMENTAL ASPECTS
Thin films in a capacitor geometry are deposited using the pulsed laser deposition ͑PLD͒ technique. An ArF excimer laser beam ͑with a wavelength ϭ193 nm, a pulse width of 15 ns, and a repetition rate of 2 Hz͒ is focused onto a rotating, sintered target. For the deposition of La 0.5 Sr 0.5 CoO 3 ͑the electrode material͒ a stoichiometric target is used, whereas for PbZr 0.53 Ti 0.47 O 3 ͑a chemical composition with a low ferroelectric switching field 11, 12 ͒ a PbO-enriched target is used. A detailed description of the stoichiometric growth of PbZr 0.53 Ti 0.47 O 3 and the reason for PbO target enrichment is presented in the Appendix. The fluence of the incident laser beam on the target is 4 J/cm 2 and the base pressure of the vacuum chamber is in the 10 Ϫ7 mbar range. Films are deposited onto a heated substrate in a 0.2 mbar oxygen partial pressure ambient. After the growth, the sample is cooled to room temperature ͑10°C/min͒ in 1 bar of oxygen. The films are analyzed by secondary-ion-mass spectrometry ͑SIMS͒, x-ray diffraction ͑XRD͒, and x-ray fluorescence spectroscopy ͑XRF͒.
Three types of samples are prepared as shown in Fig. 1 The switching voltage V sw and remnant polarization P r are determined using a Sawyer-Tower circuit.
14 V sw is also determined by C -V analyses using a probing ac voltage of 0.05 V at 10 kHz and a voltage sweep at a rate of 0.5 V/s. The endurance of a C-type capacitor with a 400 nm PbZr 0.53 Ti 0.47 O 3 thickness is analyzed by measuring the total as well as the remnant polarization as a function of the number of polarization reversals (N). The applied pulse height during the experiment is Ϯ10 V, the pulse width 100 ns with a delay of 1 s.
III. RESULTS AND DISCUSSION
We reported the growth and microstructure of La 0.5 Sr 0.5 CoO 3 films on MgO and Si substrates in an earlier paper. 7 Several other groups also reported on these subjects. 5, 15 Despite the 9.8% lattice mismatch between La 0.5 Sr 0.5 CoO 3 and ͑100͒MgO, heteroepitaxial growth is observed in XRD pole-figures and TEM analyses. 16 XRD patterns of La 0.5 Sr 0.5 CoO 3 films on MgO͑100͒ showed only sharp (00l) diffraction peaks and a lattice spacing of 0.382 Ϯ0.002 nm was determined. La 0.5 Sr 0.5 CoO 3 films are smooth, shiny, and black in appearance. The resistivity of epitaxial La 0.5 Sr 0.5 CoO 3 films is 1.7Ϯ0.2ϫ10
Ϫ4 ⍀ cm, a value which is slightly lower than the reported literature value for bulk ceramics. 17 For the growth of La 0.5 Sr 0.5 CoO 3 films on Si subtrates ͑including native oxide͒, we observed a columnar microstructure with an average column diameter of 40 nm. For films deposited at 587°C, SIMS analysis indicates only a slight interdiffusion between La 0.5 Sr 0.5 CoO 3 and Si. The resistivity of these La 0.5 Sr 0.5 CoO 3 films is comparable with our epitaxial films on MgO. Deposition on Si substrates at temperatures above 650°C results in severe interdiffusion. This is confirmed by the presence of Sr silicates in XRD patterns as well as a strong increase of the La 0.5 Sr 0.5 CoO 3 resistivity.
PbZr 0.53 Ti 0.47 O 3 films grown on La 0.5 Sr 0.5 CoO 3 electrodes on MgO ͑capacitor types A and B͒ are heteroepitaxial as indicated by the XRD pattern in Fig. 2͑a͒ . A detailed growth study of epitaxial PbTiO 3 films on a variety of materials with different lattice parameters was published earlier. 18 For the C-type capacitors, a columnar growth with a preferential (00l) orientation is observed for both La 0. 5 Fig. 4 . The differential coercive fields ⌬V sw /⌬d, calculated from the slopes for different types of capacitors are 21Ϯ3 ͑type A͒, 23Ϯ4 ͑type B͒, and 12Ϯ4 kV/cm ͑type C͒. It is striking that the slopes for the A-and B-type samples are similar. This shows that the differential coercive field is independent on the type of top electrode and directly refers to the intrinsic properties of the PbZr 0.53 Ti 0.47 O 3 film. The C-type samples show a significantly lower coercive field, approaching the value for bulk material. 12 The microstructural difference between the B-and C-type samples indicates that a textured microstructure facilitates ferroelectric switching. From bulk ceramics it is well known that the switching field is related to the microstructure. In our single crystalline samples ͑B type͒, ferroelectric domain wall motion is obviously hindered by the lack of grain boundaries, which results in an increase of V sw . Studies on ͓Pb,La͔͑Zr,Ti͒O 3 capacitors by Ramesh et al. 8 also indicate a lowering of V sw for a textured microstructure.
From Fig. 4 , it appears that the extrapolated switching potential to zero film thickness is different for ex situ sputtered gold ͑A type͒ and in situ grown La 0.5 Sr 0.5 CoO 3 top electrodes ͑B and C type͒. For the A-type samples, the intercept is 1 V, whereas for the B-and C-type samples the intercepts are close to zero. As a consequence, E c ͑ϭV sw /d͒ for the A-type samples is increasing for films below 500 nm. These results suggest that the offset voltage as observed for the A-type samples, is related to an interface effect rather than to a bulk effect. A model to explain the observed thickness dependence of the switching potential is described in Sec. IV.
For applications, the endurance of ferroelectric capacitors is important. The results of Fig. 5 show that C-type samples do not degrade within 10 11 switching cycles. The switching polarization tends to increase slightly with the number of switching cycles. This is attributed to a poling of the capacitor, i.e., a field induced effect which causes an increasing part of the capacitor to switch. Since the ionic displacement in pseudocubic PbZr 0.53 Ti 0.47 O 3 is small, the energy involved to reorient domains is relatively small. Since 
IV. INJECTION MODEL
Our measurements as well as the experimental results of other publications 19, 20 demonstrate that in ferroelectric thinfilm capacitors with at least one non-oxidic electrode, E c increases with decreasing PbZr x Ti 1Ϫx O 3 thickness. In other words, the switching voltage of thin-film capacitors is larger than expected from extrapolated bulk ferroelectric properties. Although it is clear that the presence of the electrode/ ferroelectric interfaces is decisive, the nature of the interfacial disorder and the physical properties of the near-electrode material are still under debate. In this section, we describe a one-dimensional model of a ferroelectric thin-film capacitor, we indicate why charge injection into the near-electrode regions can be of importance, and explain the consequence of charge injection for the switching potential.
In the thin-film capacitor, we define a near-electrode region with an electric polarizability which is different from the polarizability of the ferroelectric material. 21 This is schematically shown in Fig. 6͑a͒ , for the case of a single nonideal near-electrode region. 22 Region ''f '' refers to the ferroelectric part of the capacitor, while region ''n'' corresponds to the nonideal near-electrode layer. 1 is the charge density present on electrode ͑1͒, 2 refers to the charge density on electrode ͑2͒. It follows from Gauss' law that 1 ϭD n ϵ⑀ 0 E n ϩ P n , where D n equals the dielectric displacement, E n is the electric field, and P n is the electric polarization, all parameters in the n region. In order to estimate the electric field in the n layer, let us assume that the n region shows a dielectric behaviour. In that case P n ϭ(⑀ r Ϫ1)E n , where ⑀ r is the relative permittivity, and the electric field in the n region is given by: E n ϭ 1 /⑀ 0 ⑀ r . When ⑀ r equals 100 or less, and for a charge density of the order of 10 C/cm 2 ͑see Sec. III͒, we find an electric field in the n region of 1 MV/cm or larger, such that charge injection can realistically take place.
A simple equivalent electrical circuit to describe charge injection is shown in Fig. 6͑b͒ . The charge density injected across the n region, into trap states for example, is described by in j ͓Fig. 6͑a͔͒. Charge exchange through the n layer across capacitor C n is allowed by the nonlinear resistor R n . Although the n and f layers are of a different nature, it is clear in that both layers the charge displacement involves the dissipation of energy and gives rise to a hysteresis behavior. The hysteresis of the f layer is due to ferroelectricity, i.e., an ionic displacement within each unit cell, whereas the hysteresis behaviour of the n layer is caused by charge exchange between the electrode and near-electrode trap states. In the n layer, the ''coercive field'' is determined by the threshold field for charge transport across that layer, i.e., the field needed to inject carriers or to liberate previously injected trapped charge. The total switching potential V sw of the serial arrangement of the n and f layer is the sum of the individual switching potentials:
where d tot ϭd n ϩd f is the total film thickness, d n and d f represent the thickness of layer n and f respectively, E th,n is the threshold field in layer n and E c, f is the coercive field in layer f . As long as the threshold electric field E th,n is not reached, no charge is injected into the n layer; then V sw,n ϭ 0 and the switching potential of the total capacitor equals to the coercive potential of the ferroelectric layer. In the case that injection into the n layer takes place, the switching potential of the total capacitor is larger than the coercive potential of the single ferroelectric layer. Equation ͑1͒ is in good agreement with the experimental results of Fig. 4 , showing a linear dependence of the switching potential on the total film thickness, and a nonzero value of the switching potential towards zero film thickness. The increase of the observed switching voltage as shown in Fig. 4 cannot be explained by assuming only a series capacitor as an electrical equivalent for the n layer ͑and thus neglecting charge injection͒. In such a case the switching potential is not changed although a higher voltage is required for charge displacement. This is experimentally demonstrated in Fig. 7 .
In Fig. 4 6 . ͑a͒ Model and ͑b͒ equivalent circuit to describe charge injection into a near-electrode region of a ferroelectric thin-film capacitor. n refers to the near-electrode region, f is the ferroelectric material, and R n is a nonlinear resistor, which allows the flowing of an injection current. Y -axis intercept in Fig. 4 ͑between 0 and 1 V switching potential͒, and a threshold for charge transport (E th,n ) of the order of 1 MV/cm ͑E c, f is nearly two orders of magnitude smaller͒, we estimate the thickness of the n layer to be 10 nm or less in our samples. From our model, we expect the dependence of the switching field ͑V sw /d tot ͒ on the total film thickness to be reduced if charge injection is absent. Charge injection is avoided by using interfaces which do not affect the polarizability of the near-electrode material. In our experiments, we observe superior characteristics for PbZr 0.53 Ti 0.47 O 3 capacitors sandwiched between oxidic electrodes ͑type B and C͒, when compared to the non-ideal behavior of capacitors with an ex situ sputtered Au top electrode ͑type A͒. The Au electrodes can affect the polarizability of the near-electrode PbZr 0.53 Ti 0.47 O 3 material by the formation of point defects or a space-charge layer, or by local compositional variations. The latter might be introduced by preferential sputtering of oxygen 24 or lead from the topmost PbZr 0.53 Ti 0.47 O 3 layer during deposition of the metallic electrode. The use of in situ grown oxidic electrodes prevents such problems.
V. CONCLUSIONS
The switching of capacitors with a metallic ͑ex situ sputtered Au͒ electrode requires higher voltages than capacitors with in situ grown oxidic electrodes. The higher switching voltage can be explained by charge injection into a nanometer-thick layer near the electrode. Second, when using only oxidic electrodes, the switching voltage is lower for textured ferroelectric layers ͑grown on Si͒ than for heteroepitaxial layers ͑on MgO͒. Finally, all-oxide ferroelectric capacitors can withstand more than 10 11 switching cycles. Summarizing, without the need for an epitaxial relation with the substrate, thin-film PbZr 0.53 Ti 0.47 O 3 capacitors combined with oxidic electrodes are interesting candidates for lowvoltage switching applications. 
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APPENDIX: THE GROWTH OF PbZr x Ti 1 -x O 3 FILMS
The preparation of ferroelectric capacitors requires a detailed study on the stoichiometry of the ferroelectric component. In this Appendix we describe the conditions needed for the growth of high quality PbZr x Ti 1Ϫx O 3 films and discuss the reactions involved in the formation of this material. From the bulk chemistry it is known that single-phase PbTiO 3 can be prepared at temperatures as low as 160°C by precipitation from aqueous solutions. 25 For vacuum deposited crystalline thin films, temperatures above 350°C have been reported. 26 At higher substrate temperatures, the crystalline quality and density of the film significantly increases due to the enhanced surface mobility of the species deposited. Especially for epitaxial films with a low orientational spread ͑narrow XRD rocking curve͒, a substrate temperature around 600°C or higher is preferred. A second reason for the use of high temperatures, is the possible formation of the nonferroelectric pyrochlore-type phase Pb 2 Ti 2 O 7 below 400°C. It is difficult to convert this material into the perovskite-type phase by post-deposition annealing due to its high chemical stability. The formation of pyrochlore-type phases will not be discussed in this article. It is a generally known problem for this materials system and is well documented in the literature. 27 During the deposition process, species approaching the substrate may either adsorb to the surface, form PbZr x Ti 1Ϫx O 3 , and adhere to the substrate, or desorb from the surface before formation of the preferred compound can take place. Despite the presence of a variety of species in the plasma plume, the major components involved in the formation of PbZr According to these equations four species are involved in the formation of PbZr x Ti 1Ϫx O 3 , namely, TiO 2 , ZrO 2 , Pb, and PbO. For the following description, a substrate temperature of 600°C is assumed. The relevant properties of species at the used growth temperature are listed in Table I . Ablation from oxidic targets will produce the oxidized species as represented in bold in Eqs. ͑2͒-͑9͒. Due to the large heat of formation a reduction of TiO 2 or ZrO 2 ͓Eqs. ͑5͒ and ͑7͔͒ in the plasma is not expected for oxygen partial pressures higher than 10 Ϫ6 mbar. 28 Furthermore, the affinity of TiO 2 and ZrO 2 towards oxidic surfaces and the low vapor pressure of both species imply a sticking probability of one ͓Eqs. ͑6͒ and ͑8͔͒. As a consequence TiO 2 and ZrO 2 will be present at the substrate surface in the same ratio as in the target. 29 This 3 , which is the basic compound of the PbZr x Ti 1Ϫx O 3 materials system. The growth of PbTiO 3 films at elevated temperature is controlled by three important parameters: the target composition, the oxygen partial pressure, and the substrate temperature during deposition. Experiments are carried out with a fixed target composition using various deposition temperatures and oxygen partial pressures. Targets consist of 70 wt % PbTiO 3 and 30 wt % PbO 30 which corresponds with a molar ratio ͓Pb͔/͓Ti͔ϭ1.58. First, the cation stoichiometry as a function of the substrate temperature is investigated. The ͓Pb͔/͓Ti͔ ratio recovered in the film for temperatures below 400°C is similar to the target composition ͓Fig. 8͑a͔͒. This confirms that stoichiometry is retained during the transport of material from the target into the gas phase. 31 When the substrate temperature is increased, the elemental composition of the film starts to deviate from the target. The reduced ͓Pb͔/͓Ti͔ ratio in the film is therefore attributed to a reduced sticking probability for lead at high substrate temperatures. Second, the influence of the oxygen partial pressure during deposition on the cation stoichiometry in the film is analyzed. As shown in Fig. 8͑b͒ , an oxygen partial pressure higher than 3ϫ10 Ϫ2 mbar is necessary to shift the equilibrium of Eq. ͑3͒ to the right-hand side. Below the critical pressure of 3ϫ10 Ϫ2 mbar a multiphase film with an overall Pb deficiency is formed consisting of PbZr x Ti 1Ϫx O 3 , anatase-TiO 2 and ZrO 2 . This is confirmed by XRD patterns and XRF elemental analyses. Similar critical oxygen pressures have been obtained by Tabata et al. 26 As a conclusion, the observations have serious implications for the growth of epitaxial PbZr x Ti 1Ϫx O 3 films: once a certain target composition ͑viz. the excess PbO͒ is chosen, the deposition parameters regarding the oxygen partial pressure as well as the substrate temperature are fixed. 
